Huntington's disease (HD), an inherited neurodegenerative disorder, is caused by an expansion of cytosineadenine-guanine repeats in the huntingtin gene. The aggregation of mutant huntingtin (mtHTT) and striatal cell loss are representative features to cause uncontrolled movement and cognitive defect in HD. However, underlying mechanism of mtHTT aggregation and cell toxicity remains still elusive. Here, to find new genes modulating mtHTT aggregation, we performed cell-based functional screening using the cDNA expression library and isolated IRE1 gene, one of endoplasmic reticulum (ER) stress sensors. Ectopic expression of IRE1 led to its self-activation and accumulated detergent-resistant mtHTT aggregates. Treatment of neuronal cells with ER stress insults, tunicamycin and thapsigargin, increased mtHTT aggregation via IRE1 activation. The kinase activity of IRE1, but not the endoribonuclease activity, was necessary to stimulate mtHTT aggregation and increased death of neuronal cells, including SH-SY5Y and STHdhQ111/111 huntingtin knock-in striatal cells. Interestingly, ER stress impaired autophagy flux via IRE1-TRAF2 pathway, thus enhancing cellular accumulation of mtHTT. Atg5 deficiency in M5-7 cells increased mtHTT aggregation but blocked ER stress-induced mtHTT aggregation. Further, ER stress markers including p-IRE1 and autophagy markers such as p62 were up-regulated exclusively in the striatal tissues of HD mouse models and in HD patients. Moreover, down-regulation of IRE1 expression rescues the rough-eye phenotype by mtHTT in a HD fly model. These results suggest that IRE1 plays an essential role in ER stress-mediated aggregation of mtHTT via the inhibition of autophagy flux and thus neuronal toxicity of mtHTT aggregates in HD.
INTRODUCTION
Huntington's disease (HD) is a late-onset autosomal dominant neurodegenerative disorder characterized by uncontrolled movement, cognitive defect and psychiatric disturbance. The disease manifests at a mean age of 35 years and is fatal after 15-20 years of progressive neurodegeneration. The cause of this disease is an expansion of cytosine-adenineguanine (CAG) repeats in the huntingtin gene, encoding the 350 kDa huntingtin protein and there shows an inverse correlation between expanded CAG length and disease onset (1) . The main characteristic of HD pathogenesis is the intraneuronal aggregation of poly-glutamine extended huntingtin (mtHTT) and selective neuronal loss, predominantly in the striatum and other basal ganglia structures (2) . The pathogenesis of HD is caused by a combination of both gain and loss of huntingtin function that results in several cellular changes, including transcriptional dysfunction, abnormal vesicular transport, mitochondrial impairment, proteasome inhibition and apoptosis (1, 2) .
The endoplasmic reticulum (ER) is an essential intracellular organelle for protein quality control of synthesizing proteins. Perturbation of ER function due to glucose deprivation, aberrant Ca 2+ regulation, viral infection or accumulation of misfolded proteins leads to the unfolded protein response (UPR) to cope with this imbalance of ER homeostasis. When the * To whom correspondence should be addressed. Tel: +82 28804401; Fax: +82 28737524; Email: ykjung@snu.ac.kr # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com UPR occurs, ER-resident proteins, such as IRE1, PERK and ATF6, sense it, then activate and transduce their own signals to the nucleus to facilitate protein folding, translational attenuation and ER-associated degradation for cell survival (2) . IRE1 is an ER-resident serine/threonine protein kinase. During ER stress, IRE1 dissociates from Bip, is activated via trans-autophosphorylation and then its endoribonuclease activity initiates the unconventional splicing of the mRNA encoding the transcription factor XBP1. XBP1 translocates to the nucleus and up-regulates the expression of a subset of UPR-related genes which regulate protein folding, protein quality control, ER-associated degradation system and ER/ Golgi biogenesis (3) . IRE1 also activates NF-kB pathway to induce gene expression encoding mediators of host defense as UPR is sustained (4) . However, when the capacity of the quality control system is exceeded by severe or prolonged stress signals, ER undergoes chronic ER stress, which is implicated as one of early pathologic events in HD (5) . Under this condition, the prolonged activation of IRE1 induces its interaction with TRAF2 and ASK1 or activates caspase-12, an ER-resident caspase, to lead cell death in neuron cells (5, 6) . Recent evidence indicates that the expression of mtHTT induces ER stress and chronic ER stress plays an important role in mtHTT-induced cell death in HD models (2) .
The expression of mtHTT protein triggers its misfolding and aggregation in the cytosol or/and nucleus. Over time, the mtHTT aggregates accumulate and abnormally interact with other proteins, ultimately disrupting with neuronal function (1, 7) . The removal of toxic cytosolic mtHTT or mtHTT aggregates occurs preferentially in autophagy pathway, whereas wild-type HTT or mtHTT in the nucleus is degraded by the ubiquitin/proteasome system (8) . Double-membrane-structured autophagosomes sequester mtHTT aggregates and deliver to lysosomes for degradation, which contributes to the removal of both soluble and aggregate forms of mtHTT (9) . When mtHTT is not efficiently removed due to autophagic defects or cargo recognition failure, it accumulates inside cells in the form of toxic oligomeric species and aggregates, eventually leading to cell death (10) . Thus, the aggregation of mtHTT in cells is one of the typical pathological phenomena and there are shown increased autophagosomes in the striatal neurons of HD mouse models and the brains from HD patients (11) .
In many cases, there is a strong correlation between aggregate formation and cellular toxicity, and cell death follows the formation of aggregates in cell culture systems and HD mouse models, although some experiments show that mtHTT forms less toxic aggregate to protect cells. Indeed, mtHTT aggregation and neuronal loss can be significantly diminished by autophagy activation in HD models (11) . Also, ER stress mediates an increase in mtHTT aggregation via endocytosis inhibition by SCAMP5 (12) and inhibition of prolonged ER stress can rescue mtHTT-mediated cell toxicity (13) . However, molecular detail linking ER stress to the aggregation of mtHTT and autophagy in HD pathogenesis is not clear.
To extend our understanding for the regulation of mtHTT aggregation and neuronal toxicity in HD, we screened cDNA library using mtHTT aggregation assay and isolated the IRE1 gene. We show that IRE1 plays an essential role in ER stress-mediated mtHTT aggregation and neurotoxicity by modulating autophagy activity.
RESULTS

Increased expression of IRE1 leads to the accumulation of mtHTT aggregates
To find out a new gene modulating the aggregation and neurotoxicity of mtHTT, we established cell-based functional assay using a GFP-fused segment of HTT exon1 containing expanded polyglutamine (n ¼ 120) (12) . When this construct was expressed in cells, we could observe the expression, aggregation and localization of GFP-fused mtHTT under fluorescence microscope. The expression of GFP-fused mtHTT alone could induce the formation of dot-like aggregates in HEK293F cells. When cells were transfected with both GFP-fused mtHTT and Arfaptin2, a stimulator of mtHTT aggregation (14) , mtHTT aggregation was strongly increased. Using this cell-based assay, we screened cDNA pool ( 600 kinases) and isolated several positive clones which regulated mtHTT aggregation in HEK293F non-neuronal cells and SH-SY5Y neuronal cells (data not shown). Among these candidates, IRE1, an ER stress sensor, strongly increased the aggregation of mtHTT.
To assess more the effect of IRE1 on the aggregation of mtHTT, we co-expressed IRE1 and mtHTT in AF5 striatal neuronal cells (15) . As seen in Figure 1A , ectopic expression of IRE1 enhanced mtHTT aggregation in a dose or timedependent manner. The aggregation of mtHTT triggered by IRE1 expression was observed in 50% of transfected cells at 36 h (Fig. 1A) , which was as much as that by Arfaptin2 (14) , and these aggregates were detected with large and dispersed forms in the cytosol (Fig. 1D) . On the other hand, there was no effect of IRE1 on the aggregation of huntingtin exon1 containing normal length of polyQ (n ¼ 18) (wtHTT) (Supplementary Material, Fig. S1A ). When we separated IRE1-induced mtHTT aggregates into detergent-soluble and -insoluble fractions using NP-40 buffer and quantified the levels of soluble and insoluble mtHTT proteins, IRE1 enhanced not only the level of soluble mtHTT but also the amount of insoluble mtHTT (Fig. 1B) . On the contrary, IRE1 did not enhance the level of the wtHTT protein (Supplementary Material, Fig. S1B ). In addition, using a filter trap assay and detergent-resistant aggregation analysis, we found that IRE1 increased the amounts of sodium dodecyl sulfate (SDS)-insoluble and detergent-resistant mtHTT aggregates ( Fig. 1B and D) . This stimulatory effect of IRE1 on mtHTT aggregation was also clearly observed in the primary cultured striatal and cortical neurons (Fig. 1C) . From reverse transcription (RT) -polymerase chain reaction (PCR) analysis, we observed that IRE1 over-expression did not affect the level of mtHTT mRNA (Supplementary Material, Fig. S2 ). These results suggest that ectopic expression of IRE1 increases the aggregation of mtHTT protein in neuronal and non-neuronal cells.
ER stress modulates an increase in mtHTT aggregates via IRE1
IRE1 is one of the ER stress sensor proteins and is activated via trans-autophosphorylation in response to ER stress triggered by thapsigargin (an inhibitor of intracellular Ca 2+ pumps) or tunicamycin (an inhibitor of protein glycosylation). Thus, we examined the effect of ER stress on mtHTT aggregation. Incubation of SH-SY5Y cells with thapsigargin or tunicamycin increased the amount of mtHTT aggregates by 2-fold, which was almost comparable with that by IRE1 over-expression ( Fig. 2A, left panel) . Treatment with thapsigargin or tunicamycin activated ER stress signals by increasing the levels of the phosphorylated IRE1 (p-IRE1), GRP78 and CHOP, representative ER stress markers ( Fig. 2A, right panel) . The p-IRE1 was also detected in IRE1-over-expressed cells, consistent with an earlier report showing that ectopic expression of IRE1 triggers autotransphosphorylation via its oligomerization (16) .
Then, we addressed the contribution of IRE1 activation to ER stress-mediated aggregation of mtHTT. By using IRE1 shRNAs, we generated SH-SY5Y stable cells (SH-SH5Y/ shIRE1 #5 and #8) which showed the reduced expression of IRE1 (Supplementary Material, Fig. S3 ); the expression of IRE1 was more reduced in SH-SY5Y/shIRE1 #8 cells than in SH-SY5Y/shIRE1 #5 cells. When these cells were exposed to thapsigargin, IRE1 phosphorylation was diminished in SH-SY5Y/shIRE1 #8 cells compared with control cells (SH-SY5Y/Neo) (Fig. 2B, right panel) . When we examined the effect of ER stress on mtHTT aggregation in these cells, thapsigargin-induced mtHTT aggregation was significantly (A) ER stress enhances mtHTT aggregation. SH-SY5Y cells were co-transfected with pHTTex120Q-GFP and either pcDNA or pIRE1, and then exposed to DMSO, 1 mm thapsigargin (Tg) or 2 mg/ml tunicamycin (Tuni.) for the indicated times. Cells were then observed under fluorescence microscope (left panel) or cell lysates were examined with western blot analysis using the indicated antibodies (right panel). Bars represent mean values + SD from at least three independent experiments. P-values were calculated using t-test and were versus control ( * P , 0.05; * * P , 0.01; * * * P , 0.001). (B) Down-regulation of IRE1 reduces ER stress-induced mtHTT aggregation. SH-SY5Y/pSuper-Neo (SH/Neo) and SH-SY5Y/pSuper-shIRE1 (SH/shIRE1 #5 and #8) cells were transfected with pHTTex120Q-GFP and incubated with DMSO or 1 mm thapsigargin (Tg) for 24 h. Percentages of mtHTT aggregation were determined under fluorescence microscope as in (A) (left panel). Cell extracts were prepared and examined by western blot analysis using the indicated antibodies (right panel). (C) Inhibitory effect of dominant-negative IRE1 on ER stress-induced mtHTT aggregation. After co-transfection with pHTTex120Q-GFP and either pcDNA or each dominant-negative mutant of ER sensor proteins (IRE1 DN, ATF6 DN and PERK DN), SH-SY5Y cells were left untreated or exposed to 1 mm thapsigargin (Tg). The aggregation of mtHTT was examined under fluorescence microscope (left panel) and cell extracts were analyzed with western blotting using anti-HA, anti-GRP78 and anti-b-actin antibodies (right panel). Arrowheads indicate the expression of each construct. P-values were calculated using t-test and were versus control ( * * * P , 0.001). (B) Detection of insoluble aggregates induced by IRE1. HEK293F cells were co-transfected with pHTTex120Q-GFP and either pcDNA, pArfaptin2 or pIRE1 for 36 h. Cell lysates were prepared, separated into soluble and insoluble fractions and analyzed by western blotting using anti-GFP or anti-a-tubulin antibody (upper panels). Cells were resuspended in PBS and a filter trap assay was performed as described in Materials and Methods. The amounts of insoluble mtHTT-GFP aggregates on the blot were examined with western blot analysis using anti-GFP antibody (lower panel). (C) Stimulatory effect of IRE1 on mtHTT aggregation in primary neuronal cells. Rat primary striatal and cortical neurons were cultured from embryonic day 16 and maintained for 3 days in vitro. The striatal and cortical neurons were then co-transfected with pHTTex120Q-GFP and either pcDNA, pArfaptin2 or pIRE1 for 24 h. Bars represent mean values + SD (n ¼ 3). (D) Detergent-resistant aggregates of mtHTT formed by IRE1. SH-SY5Y cells were co-transfected with pHTTex120Q-GFP (green) and either pcDNA or pIRE1 for 24 h. Detergent-resistant aggregation assay was then performed using Triton X-100 and SDS (T/S) as described in Materials and Methods. Arrows indicate detergent-resistant aggregates of mtHTT.
suppressed in SH-SY5Y/shIRE1 #8 cells and marginally in SH-SY5Y/shIRE1 #5 cells (Fig. 2B , left panel). This observation suggests that IRE1 plays an essential role in ER stress-induced aggregation of mtHTT and the expression and activation levels of IRE1 correlate with mtHTT aggregation during ER stress.
In addition, we examined the effects of PERK and ATF6, other ER stress sensors that recognize UPR signal in mammalian cells (3), on mtHTT aggregation using their dominantnegative mutants. Ectopic expression of dominant-negative IRE1 (IRE1 DN) lacking its cytosolic region (3) abolished ER stress-induced mtHTT aggregation ( Fig. S4 ). These observations imply that among three major ER stress sensors, it is IRE1 that modulates the aggregation of mtHTT during ER stress.
Kinase activity of IRE1 is required for mtHTT aggregation during ER stress IRE1 is an ER-resident, type I transmembrane protein with a luminal domain sensing UPR and a cytosolic domain passing the signal on to components further downstream via its kinase and endoribonuclease (RNase) activities. The kinase domain of IRE1 shows trans-autophosphorylation activity in response to ER stress and then the RNase domain initiates a mRNA splicing reaction that generates XBP1 (Fig. 3A , left panel) (3) . To define the domain(s) and activity of IRE1 responsible for ER stress-induced mtHTT aggregation, we generated various kinase (IRE1 K599A, IRE1 DC) and/or RNase (IRE1 G923A, IRE1 DR)-dead IRE1 mutants (19, 20) by site-directed mutagenesis and deletion analysis (Fig. 3A , left panel). We confirmed their expression and ability to autophosphorylate IRE1 itself in HEK293F cells with western blot analysis (Fig. 3A, right panel) .
Using these mutants, we found that IRE1 K599A and IRE1 DC mutants lost their ability to increase mtHTT aggregation, while IRE1 G923A and IRE1 DR mutants were effective as much as IRE1 in AF5 cells (Fig. 3B ) and in SH-SY5Y cells (data not shown). Similarly, kinase-dead IRE1 mutants were not able to increase the amounts of detergent-soluble and -insoluble aggregates as IRE1 did, showing significantly reduced aggregates on separation and stacking polyacrylamide gels (Fig. 3C) . Also, we observed that kinase-dead IRE1 mutants failed to increase mtHTT aggregation in a filter trap assay (Supplementary Material, Fig. S5 ). Further, overexpression of XBP1, a downstream mediator of IRE1 RNase activity, did not affect the accumulation of mtHTT aggregates (data not shown). These observations suggest that the kinase Effects of IRE1 kinase activity on mtHTT aggregation. AF5 cells were co-transfected with pHTTex120Q-GFP and either pcDNA, pIRE1-HA or its mutant for the indicated times and then examined for the aggregation under fluorescence microscope. Bars represent mean values + SD from at least three independent experiments. P-values were calculated using t-test and were versus control ( * P , 0.05; * * * P , 0.001) (B). HEK293F cells were co-transfected with pHTTex120Q-GFP and either pcDNA, pIRE1-HA or its mutant for 36 h. Cell lysates were separated into soluble and insoluble fractions and the fractions were subjected to western blotting using anti-GFP and anti-a-tubulin antibodies (C).
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Human Molecular Genetics, 2012, Vol. 21, No. 1 activity of IRE1, but not the RNase activity, is important to regulate mtHTT aggregation. IRE1 is able to bind and form protein complexes with other proteins, such as Bip, HSP90A, COPS5, NCK1 and TRAF2 (21 -25) . To further elucidate a molecular mechanism by which IRE1 promotes mtHTT aggregation under ER stress, we examined effects of the IRE1-binding proteins on the aggregation of mtHTT. Ectopic expression of Bip or COPS5, which binds to luminal region of IRE1 and thus blocks oligomerization and activation of IRE1, reduced IRE1-mediated mtHTT aggregation in SH-SY5Y cells (Fig. 4A) . Similarly, HSP90A and NCK1, which interact with cytosolic side of IRE1 and show an inhibitory effect on IRE1 activation, suppressed IRE1-mediated mtHTT aggregation. On the other hand, TRAF2, which binds to cytosolic region of IRE1, did not show such inhibitory effect on mtHTT aggregation. Rather, the expression of dominant-negative TRAF2 (TRAF2 DN) mutant lacking its C-terminus suppressed not only IRE1-mediated mtHTT aggregation (Fig. 4B ) but also ER stress-induced mtHTT aggregation (Fig. 4C) , while dominant-negative TRAF5 (TRAF5 DN) mutant or dominant-negative JNK (JNK DN) mutant did not affect the mtHTT aggregation (Fig. 4B) . Therefore, these results support our proposal that IRE1 mediates ER stress-induced mtHTT aggregation and implicate that TRAF2 may function as a downstream of IRE1 in mtHTT aggregation during ER stress response.
ER stress inhibits autophagy flux through IRE1 kinase activity
Because removal of toxic forms of cytosolic mtHTT including aggregates occurs preferentially by autophagy pathway, we explored whether ER stress could regulate autophagy activity. Exposure to ER stress insults, such as thapsigargin, tunicamycin, A23187 (a mobile-carrier Ca 2+ ionophore) and brefeldin A (transport inhibition from ER to Golgi), increased not only the conversion of LC3-I to LC3-II but also the level of the p62 protein, a selective substrate for autophagy (26) , in SH-SY5Y cells (Fig. 5A , Supplementary Material, Figs S6A and S7A). The increase in those proteins represents the inhibition of autophagy flux. Similar increase in both LC3-II and p62 proteins was observed in cells treated with bafilomycin A1, a potent and selective inhibitor of vacuolar-type (v-type) H + ATPase that prevents autophagy at a late stage by inhibiting fusion between autophagosomes and lysosomes (27) . Consistently, there was no further accumulation of LC3-II and p62 proteins, when cells were treated together with thapsigargin and bafilomycin A1, indicating that ER stress interferes with autophagy activity. We next examined the effect of IRE1 knock-down on autophagy flux under ER stress. While the conversion of LC3-I to LC3-II was observed at 6 h after thapsigargin treatment in control SH-SY5Y/Neo cells, this conversion was observed at earlier times and enhanced in SH-SY5Y/ shIRE1 cells (Fig. 5B , Supplementary Material, Figs S6B and S7B). Further, the accumulation of p62 protein was detected apparently less in SH-SY5Y/shIRE1 cells than in SH-SY5Y/ Neo cells.
In addition, we assessed autophagy flux under ER stress using mCherry-GFP-LC3, a double fluorescent LC3 which is labeled with acid-labile GFP and acid-stable mCherry and is easy to differentiate autophagosome formation from maturation. The dispersed signals of GFP did not overlap much with mCherry signals in growing cells, showing normal flux of autophagy. When SH-SY5Y/Neo cells were exposed to thapsigargin, the numbers of GFP-LC3 and mCherry-LC3 dots and their co-localization were increased (Fig. 5C ). On the contrary, the spatial overlaps between GFP and mCherry signals were pretty decreased (32 to 19%) and the numbers of red-only puncta were increased in SH-SY5Y/shIRE1 cells exposed to thapsigargin (Fig. 5C ). Similar localization patterns of the signals were observed in SH-SY5Y/Neo cells and SH-SY5Y/shIRE1 cells exposed to tunicamycin (Supplementary Material, Fig. S6C ). These observations suggest that ER stress inhibits autophagy flux through IRE1. Further, ectopic expression of IRE1 or IRE1 DR, RNasedead mutant, but not IRE1 DC (kinase-dead mutant), increased the conversion of LC3-I to LC3-II and the amount of p62 protein in SH-SY5Y cells (Fig. 5D and Supplementary Material, Fig. S7C ), indicating that the kinase activity of IRE1 is required for the inhibition of autophagy flux. In addition, expression of IRE1 DN or TRAF2 DN, which inhibited IRE1-mediated mtHTT aggregation, decreased ER stress-induced p62 accumulation (Fig. 5E and Supplementary Material, Fig. S7D) , showing alleviation of autophagy inhibition evoked by ER stress. These results provide a possibility that ER stress impairs autophagy activity via IRE1-TRAF2 pathway. Moreover, we found that the activity of cathepsin B, a typical lysosomal protease, was decreased 70% in SH-SY5Y cells after exposure to thapsigargin (Supplementary Material, Fig. S6D ), indicating that lysosomal activity may be impaired under ER stress and further supporting a possibility that ER stress inhibits autophagy flux. Kinase activity of IRE1 contributes to autophagy inhibition. SH-SY5Y cells were transfected with either pcDNA, pIRE1-HA, pIRE1 DC-HA or pIRE1 DR-HA for 48 h and then harvested for western blot analysis using anti-p62, anti-LC3, anti-HA, anti-GRP78 and anti-b-actin antibodies. Cells exposed to 1 mm thapsigargin (Tg) for 24 h were used as a positive control. (E). Dominant-negative TRAF2 suppresses thapsigargin-induced autophagy inhibition. SH-SY5Y cells were transfected with pcDNA, pIRE1 DC-HA or pTRAF2 DN for 48 h and then incubated with DMSO or 1 mm thapsigargin (Tg) for 24 h. Cells were collected and analyzed with western blotting using the indicated antibodies.
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Impaired autophagy activity causes the accumulation of mtHTT aggregates under ER stress
To elucidate whether dysregulation of autophagy activity under ER stress leads to an increase in mtHTT aggregation in cells, we explored the effect of autophagy inhibition on the accumulation of mtHTT aggregates. Treatment of SH-SY5Y/Neo cells with thapsigargin or bafilomycin A1 increased the number of cells with mtHTT aggregates (Fig. 6A ) and enhanced LC3-II conversion and p62 accumulation ( Fig. 6B and Supplementary Material, Fig. S7E ). Also, there was obviously no further accumulation of mtHTT aggregates in SH-SY5Y/Neo cells after co-treatment with thapsigargin and bafilomycin A1, consistent with the result showing their effects on the inhibition of autophagy flux (Fig. 5A) . Further, down-regulation of IRE1 expression in SH-SY5Y/ shIRE1 cells reduced ER stress-induced mtHTT aggregation and p62 accumulation, while bafilomycin A1 was still partially effective to increase mtHTT aggregation and LC3-II level. These results indicate that the inhibition of autophagy flux by ER stress is closely associated with the accumulation of mtHTT aggregates. Under ER stress, we further examined contribution of autophagy activity to the clearance of mtHTT aggregates in M5-7 cells, mouse fibroblast cells coupling the Tet-off system with Atg52/2 mouse embryonic fibroblasts to artificially regulate autophagy ability (28) . In the presence of doxycycline [Dox.(+)], Atg5 expression was completely suppressed and these cells became autophagy-defective, whereas Atg5 expression lasted in M5-7 cells without doxycycline [Dox. (2)] (Fig. 6D) . Basal level of mtHTT aggregation was apparently enhanced in Atg5 knock-out Dox.(+) M5-7 cells compared with Dox.(2) M5-7 cells (Fig. 6C) . Like in SH-SY5Y cells, exposure of Dox.(2) M5-7 cells to thapsigargin increased mtHTT aggregation (Fig. 6C) and enhanced both the conversion of LC3-I to LC3-II and the level of p62 protein ( Fig. 6D and Supplementary Material, Fig. S7F ). On the contrary, treatment of Atg5 knock-out Dox.(+) M5-7 cells with thapsigargin did not further increase mtHTT aggregation, LC3-II conversion and p62 accumulation compared with untreated control cells (Fig. 6C and D, Supplementary Material,  Fig. S7F ). These results suggest that Atg5-mediated autophagy is critical in the clearance of mtHTT aggregates and that ER stress-induced mtHTT aggregation can be regulated by autophagy defects.
IRE1 mediates toxicity of neuronal cells expressing mtHTT under ER stress
To address whether ER stress-induced accumulation of mtHTT aggregates influences cell viability, we first . Cell extracts were prepared and analyzed with western blotting using anti-p62, anti-LC3, anti-p-IRE1, anti-GRP78 and anti-b-actin antibodies (B). Bars represent mean values + SD from at least three independent experiments. P-values were calculated using t-test and were versus control ( * P , 0.05; * * * P , 0.001). (C and D) ER stress-induced mtHTT aggregation is mediated via ATG5-dependent autophagy. M5-7 cells were incubated in the presence or absence of 10 ng/ml doxycycline (Dox.) for 4 days. After transfection with pHTTex120Q-GFP for 6 h, cells were exposed to DMSO or 30 nM thapsigargin (Tg) for additional 18 h. The aggregation of mtHTT was examined as in A (C). Cells extracts were subjected to western blotting (D). Bars represent mean values + SD (n ¼ 3). examined thapsigargin-induced neuronal death in SY-SY5Y/ Neo cells and SH-SY5Y/shIRE1 cells after transfection with mtHTT. Determination of cell viability exhibited that ectopic expression of mtHTT itself was a little toxic to cells (7%), and this cell death was enhanced by the treatment with thapsigargin (16%) in SH-SY5Y/Neo cells (Fig. 7A) . On the contrary, the effect of thapsigargin on cell death was significantly reduced in SH-SY5Y/shIRE1 #8 cells and slightly in SH/shIRE1 #5 cells expressing mtHTT (Fig. 7A) . Then, we directly addressed the effects of IRE1 on mtHTT-mediated cell death. Over-expression of wtHTT, mtHTT or IRE1 alone did not induce significant level of cell death in SH-SY5Y cells (4 -6%) (Fig. 7B) . On the other hand, co-expression of both IRE1-and mtHTT-induced synergistic cell death (14%), while IRE1 and wtHTT did not show that much of cell death (4%) (Fig. 7B) . We confirmed the increase in mtHTT aggregation in these expressions (data not shown). Consequently, these results suggest that ER stress enhances mtHTT-mediated neuronal cell death via IRE1 and the IRE1-mediated increase in mtHTT aggregation is likely to be linked to neurotoxicity. 
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When we investigated IRE1 domains responsible for this neurotoxicity, we found that ectopic expression of IRE1 or IRE1 DR, a RNase-dead mutant, increased cell death in huntingtin knock-in striatal neuronal cell lines (STHdhQ7/7 and STHdhQ111/111), which express huntingtin protein containing poly(Q) 7 or poly(Q) 111 , respectively (29) . These effects on cell death were more severe in STHdhQ111/111 cells than in STHdhQ7/7 cells (Fig. 7C) . On the other hand, ectopic expression of IRE1 DC, a kinase-dead mutant, did not show such neurotoxicity in STHdhQ111/111 cells. From western blot analysis, we found active and cleaved caspases-12 and -3 in STHdhQ111/111 cells expressing IRE1 or IRE1 DR (Fig. 7D) . We also found that thapsigargin treatment induced more cell death in STHdhQ111/111 cells (51%) than in STHdhQ7/7 cells (29%) (Fig. 7E) . Further, ectopic expression of IRE1 DC significantly suppressed thapsigargin-induced cell death in STHdhQ111/111 cells (51 to 27%) (Fig. 7E) . These results suggest that IRE1 regulates death of mouse striatal cells expressing HdhQ111/111 via its kinase activity under ER stress.
When we also examined ER stress and mtHTT-mediated cell death in M5-7 cells, we observed that over-expression of mtHTT alone induced 33% of cell death compared with 5% of GFP expression in Dox. (2) ER stress and autophagy flux are disturbed in the striatum of HD mouse models
To evaluate the importance of ER stress-mediated autophagy inhibition in HD pathology, we examined the levels of ER stress and autophagy inhibition in the brain regions of HD mouse models, YAC128 HD and R6/2 HD mice (30, 31) . Western blot analysis exhibited that the level of p-IRE1 was markedly increased in the striatum (28.2%) and cortex (26.7%), but not in hippocampus and cerebellum, of all four YAC128 HD mice compared with age-matched controls (Fig. 8A -E) . Quantification of IRE1 level by western blotting was not accessible because of lack of available antibody. Notably, LC3-II conversion and p62 level were significantly and simultaneously increased in the striatal tissues of YAC128 HD mice (30.2 and 32.6%, respectively), while the expression of Beclin-1 (6.8%) or ATG5 (6.2%) was not significantly changed. On the other hand, the levels of p-IRE1, LC3-II and p62 did not show any meaningful correlation in the cortex, hippocampus and cerebellum of YAC128 HD mice (Fig. 8B-E) .
Similar regulation of p-IRE1, p62 and LC3-II expression was also observed exclusively in the striatum of R6/2 mouse (Supplementary Material, Fig. S8A and B) . We also observed the increase in p-IRE-1 and p62 levels by 16 to 35% in the striatal tissues of HD patients compared with age-matched controls (Supplementary Material, Fig. S9A and B) .
These results imply that IRE1 activity is up-regulated and autophagy flux may be impaired in the striatal tissues of YAC128 HD and R6/2 HD mouse models and of HD patients, providing a possible link between ER stress and autophagy impairment. Moreover, reduction in IRE1 expression in Htt-Q128 fly, a HD model expressing Htt-Q128 (32), relieved the rough-eye phenotype (Supplementary Material, Fig. S10 ), suggesting that IRE1 plays a critical role in HD pathogenesis in a HD fly model.
DISCUSSION
The UPR is a cellular response to recover ER homeostasis when unfolded or misfolded proteins are accumulated in ER. At first, the UPR is activated to restore normal function of the cell by halting protein translation and increasing the production of molecular chaperones. However, the UPR signaling fails to handle ER disruption within a certain time lapse or the stress is prolonged, chronic ER stress occurs, coming with apoptosis (3). Chronic ER stress is an emerging feature of HD pathogenesis. ER stress sensors and UPR downstream proteins are up-regulated and activated in the striatum of HD mouse models and post-mortem brain samples from HD patients. Thus, the alleviation of such ER stress as well as its downstream signals could rescue mtHTT-mediated cell toxicity. Our observations provide more evidence to the pivotal role of ER stress in HD pathology, although it is still elusive how ER stress causes HD pathogenesis. From cell-based functional screening using kinase cDNAs, we succeeded to isolate IRE1 as a novel regulator which increased mtHTT aggregation. Among three ER-resident proteins sensing ER stress, we found that only IRE1 increased detergent-resistant mtHTT aggregation.
Then, how does IRE1 regulate ER stress-mediated mtHTT aggregation? We found that mtHTT could also activate IRE1, increasing p-IRE1 level in cultured cells (data not shown). Indeed, ER stress increased mtHTT aggregation via IRE1 and these aggregates in turn activated ER stress, forming a positive feedback signaling pathway. Also, we observed concerted accumulation of autophagy markers and p-IRE1 in the striatum of HD mouse models. Further, because ER is not only involved in protein synthesis and quality control but also constitutes major source of the autophagic isolation membrane (33) , sustained accumulation of ER stress can also affect autophagy flux. Thus, we propose that chronic ER stress caused by mtHTT expression impairs autophagy flux which is known as a major clearance route for intracellular mtHTT aggregates in HD (8) . ER stress-induced autophagy is usually considered a signal for cell survival (19) . On the other hand, we found that ER stress increased mtHTT aggregation and cell toxicity via the inhibition of autophagy flux, consistent with our previous observation (12) . This discrepancy for the role of ER stress in autophagy flux may result from distinct sensitivity of cell types to ER stress or may depend on duration of ER stress, such as acute or chronic stress. In that sense, we observed that primary cultured striatal cells were more sensitive to ER stress than hippocampal cells were (data not shown).
Depending on insults, each of IRE1, its downstream XBP1 and JNK or together may regulate autophagy flux. While XBP1 is known as a downstream of IRE1 RNase activity and mice lacking XBP1 in neurons exhibits increased levels of baseline autophagy (34), our observation shows that RNasedefective IRE1 regulates autophagy flux. Consistently, activation of XBP1 and JNK, downstream of IRE1 and autophagy regulator (19, 34) , did not exert significant effects on ER stress-mediated autophagy inhibition or mtHTT aggregation in our assays. On the other hand, dominant-negative TRAF2 inhibited IRE1-mediated mtHTT aggregation. TRAF2 was proposed to bind to IRE1 during ER stress response (6) . Thus, we suggest that IRE1 regulates ER stress-induced mtHTT aggregation via TRAF2 and believe that ER stress inhibits autophagy flux probably by affecting lysosomes function. It is plausible that ER stress inhibits autophagy via more than one mechanism. One possible mechanism is that ER stress, including thapsigargin, prevents autophagosome-lysosome fusion process through Rab7 as previously reported (35) .
Other mechanism is that ER stress inhibits endocytosis, which eventually leads to autophagy inhibition via lysosomal dysfunction as previously proposed (12) . It is also possible that IRE1 controls the flux of ER membrane as a source of isolation membrane in autophagy, because IRE1 is known to regulate ER/Golgi biogenesis (36) . The mechanistic perspective how IRE1 inhibits autophagy flux under ER stress still remains to be further addressed.
There has been considerable debate whether these mtHTT aggregates are cytotoxic or neuroprotective in affected neuron. In many cases, there has been a strong correlation between aggregate formation and cellular toxicity, and cell death followed the formation of aggregates in cell culture system and HD mouse models (37, 38) . Also, increased expression of molecular chaperones, such as HSP70 and chaperonin TRiC, reduces both mtHTT aggregation and cell death (39, 40) . We also observed that treatment with chemical chaperone, 4-PBA (41), reduced both ER stress-induced mtHTT aggregation and cell death, while IDN-6556, a pan-caspase Taken together, our observations suggest that ER stressmediated inhibition of autophagy flux via IRE1-TRAF2 may impair autophagic clearance of mtHTT aggregates, leading to neuronal degeneration and providing a molecular basis for the role of ER stress in HD pathogenesis.
MATERIALS AND METHODS
DNA constructions
Human IRE1 cDNA was subcloned into pcDNA3-HA (Invitrogen) (pIRE1-HA). To construct deletion mutants of IRE1, IRE1 DC (1-1386) and IRE1 DR (1-2595) were amplified by PCR and subcloned into pcDNA3-HA (pIRE1 DC-HA and pIRE1 DR-HA, respectively). Dominant-negative PERK (pPERK DN) was constructed by subcloning the PCR product of PERK (1-1608) into pcDNA3-HA. Dominantnegative ATF6 [pATF6 DN; pCGN ATF6 (1-373) m1] was kindly provided by Dr R. Prywes (University of Columbia, USA). To construct pIRE1 shRNA, heteroduplex oligomers containing gene-specific sequences (5 ′ -AGA CAG AGG CCA AGA GCA A-3 ′ , 5 ′ -CCA AGA TGC TGG AGA GAT T-3 ′ ) were synthesized, annealed and cloned into pSUPERNeo vector (pshRNA) (OligoEngine).
Mutagenesis
IRE1 mutants (pIRE1 K599A-HA and pIRE1 G923A-HA) were generated by a Quickchange site-directed mutagenesis kit (Stratagene) using synthetic oligonucleotides containing mutations in the corresponding positions. All mutants were verified by DNA sequencing analysis.
Reverse transcription -PCR
Cells were lyzed and total RNA was extracted using Trizol (Invitrogen), according to the manufacturer's protocol. PCR was performed for 25 cycles using the following primer sets:
. Total RNA was purified and reverse transcribed as previously described (44) .
Cell culture and transfection
AF5 cells (rat striatal neuronal cells), HEK293F cells (human embryonic kidney cells) and SH-SY5Y cells (human neuroblastoma) were cultured in Dulbecco's modified Eagles medium (DMEM) (Invitrogen) with 10% (v/v) fetal bovine serum (FBS) (Hyclone). M5-7 cells (conditional ATG5 knockout cells with doxycycline) were kindly provided by Dr N. Mizushima (Tokyo University, Japan) and were cultured in DMEM containing 10% (v/v) FBS with or without 10 ng/ml doxycycline (Sigma-Aldrich). STHdhQ7/7 and STHdhQ111/ 111 cells (huntingtin knock-in striatal neuronal cell lines) were provided from Dr M.E. MacDonald (Harvard University, USA) and grown at 338C in DMEM supplemented with 10% (v/v) FBS, 2 mM-glutamine and 400 mg/ml G418. Cells were transfected using LipofectAMINE reagent (Invitrogen) according to the manufacturer's protocol.
Cell-based functional screening
For the primary screening, HEK293F cells were subcultured in 96-well culture plates for 24 h and then co-transfected with pDsRed-Monomer-C1 (mRFP; Clontech), pHTTex120Q-GFP (mtHTT) and an individual cDNA in expression vector for additional 18, 24 and 36 h. Cells were then observed under fluorescence microscope to evaluate the amount of mtHTT aggregates and transfection efficiency was normalized by mRFP. Putative regulatory genes increasing mtHTT aggregation were isolated by comparing with the level of mtHTT aggregation by a positive control, Arfaptin2. For the secondary screening, the putative positive clones were examined again for their effects on the aggregation of mtHTT in a dose or time-dependent manner as previously described (12) .
Primary culture of striatal and cortical neurons
Striatal and cortical tissues of rat E16 embryonic brain were dissociated by incubating with 0.01% trypsin-ethylenediaminetetraacetic acid (EDTA) (Invitrogen) and plated on culture dishes coated with poly-L-lysine (0.01% in 100 mM borate buffer, pH 8.5) (Sigma-Aldrich) in Neurobasal TM medium containing 2% B27 supplement (Invitrogen). Neurons grown in vitro for 3 days were transfected with appropriate DNA using LipofectAMINE TM 2000 Reagent (Invitrogen).
Generation of stable cells
SH-SY5Y cells were transfected with pSuper-Neo or pSupershIRE1 for 24 h and then incubated with 1200 mg/ml G418 (Invitrogen) for 2 weeks to generate stable cells (SH-SY5Y/ Neo and SH-SY5Y/shIRE1). Establishment of shIRE1 stable cells was confirmed by RT -PCR analysis and western blotting.
Cell death assessment
Cell death was assessed by counting the number of GFP and ethidium homodimer (EtHD)-positive cells after staining with 0.5 mM EtHD (Molecular Probes) at 378C for 15 min.
Cell death was determined under fluorescence microscope (Olympus).
Antibodies and western blotting
The following antibodies were used for western blot analyses: p-IRE1 (Abcam), CHOP (Santa Cruz Biotechnology), GRP78 (Santa Cruz Biotechnology), p62 (Abnova), LC3 (Novus Biologicals), ATG5 (Novus Biologicals), Beclin-1 (Novus Biologicals), cleaved caspase-3 (Cell Signaling), caspase-12 (Santa Cruz Biotechnology), a-tubulin (Sigma-Aldrich), b-actin (Sigma-Aldrich), Flag (Sigma-Aldrich) and GFP (Santa Cruz Biotechnology) antibodies. Cells were lyzed with sampling buffer (10% glycerol, 2% SDS, 62.5 mM Tris -HCl, 2% b-mercaptoethanol, pH 6.8). For preparation of insoluble fractions, cells were lyzed with lysis buffer (0.1% Nonidet P-40, 250 mM NaCl, 5 mM EDTA, 50 mM Hepes, pH 7.4) and subjected to centrifugation at 400g for 3 min. The pellets were resuspended in a volume of lysis buffer equal to the volume of the supernatant as described (12) . Same amounts of protein were separated by SDS -polyacrylamide gel electrophoresis (PAGE) and transferred onto the polyvinylidene fluoride membrane (Millipore). Immunoblots were visualized by the enhanced chemiluminescence method.
Immunocytochemistry SH-SY5Y stable cells were grown on a coverslip coated with poly-L-lysine for 24 h and then transfected with pmCherry-GFP-LC3 for 24 h in the presence or absence of thapsigargin (Sigma-Aldrich). Cells were fixed with 4% paraformaldehyde and samples were examined with an LSM confocal fluorescence microscope (Zeiss).
Detergent-resistant aggregation assay
SH-SY5Y cells were transfected with pHTTex120Q-GFP for 24 h, fixed with 4% paraformaldehyde for 10 min at 378C and washed twice with phosphate-buffered saline (PBS). Thereafter, cells were permeablized with 3% Triton X-100 and 3% SDS in PBS for 20 min at 378C. Remaining aggregates inside cells were observed under fluorescence microscope.
Filter trap assay
After co-transfection with pHTTex120Q-GFP and cDNA, HEK293F cells were harvested and washed twice with PBS. Cells were resuspended in PBS containing 1 mM phenylmethylsulfonyl fluoride, sonicated and then added with PBS containing 1% SDS. Prepared samples are subjected to a filter trap assay using a 96-well dot blot apparatus (Bio-Rad Laboratories). The membrane was washed twice with PBS containing 1% SDS and then analyzed by western blotting using anti-GFP antibody.
Cathepsin B assay
Enzyme activity of cathepsin B was determined with cathepsin B activity assay kit according to the manufacturer's protocol (Calbiochem). Briefly, cell lysates were centrifuged at 14 000g for 1 min and the supernatant was used for enzymatic assay. Protein (30 mg) was incubated at 378C for 5 min with 10 mM z-Arg-Arg-AMC. After incubation for 30 min, fluorescence was measured with fluorescence microplate reader (SpectraMax Geminis XS; Molecular Devices, Inc.). Cathepsin B activity was calculated by determining amount of the released AMC in micromoles per milligram of protein per hour measuring the fluorescence at 360-380 nm (excitation) and 440-460 nm (emission).
Brain samples of HD mouse models R6/2 and YAC128 mice were obtained from the Jackson Laboratories. Brain tissues from 18-month-old YAC128 mice and 13-week-old R6/2 mouse were homogenized in NETN [50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.5% (v/v) Nonidet P-40 with proteases inhibitors] and then centrifuged at 14 000g for 30 min at 48C as described (45) . The supernatants were resolved by SDS -PAGE.
Postmortem brain samples
Striatum samples from five HD patients (grades 2 and 3) and age-matched controls were from Boston University School of Medicine (Bedford, MA, USA).
Drosophila genetics
Drosophila melanogaster was raised on standard medium at 258C. Transgenic Drosophila expressing Htt-Q128 (GMR-GAL4/UAS-Htt-Q128) were generously provided by Dr J.T. Littleton (Massachusetts Institute of Technology, USA) (32) . The wild-type (W 1118 ) and IRE1 hetero knock-out mutant (CG4583 f02170 ) strains were obtained from the Bloomington Drosophila Stock Center at Indiana University. Various genetic combinations were generated using the standard crosses.
Statistical analysis
Statistical analyses were performed using SigmaPlot. All data are expressed as mean values + SD. Results comparing three or more samples were analyzed using analysis of variance and Bonferroni's tests; comparisons between two samples were analyzed using Student's t-tests. Probabilities of P , 0.05 were considered statistically significant.
